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A  novel  porous  organosilicatc  material  was  evaluated  for  application  as  a  solid  phase  extraction  "  •  . 

sorbent  for  preconcentration  of  nitroenergetic  targets  from  aqueous  solution  prior  to  HPLC  analysis.  '  ' 

The  performance  of  the  sorbent  in  spiked  deionized  water,  groundwater,  and  surface  water  was  ■  ,  ; 

evaluated.  Targets  considered  included  2,4,6-trinitrotoluene,  2,4-dinitrotoluene,  RDX,  HMX,  and 

nitroglycerin.  The  sorbent  was  shown  to  provide  improved  performance  over  Sep-Pak  RDX.  The  >■'■.,  ■ 

impact  of  complex  matrices  on  target  preconcentration  by  the  sorbent  was  also  found  to  be  less  t 

dramatic  than  that  observed  for  LiChrolut  EN.  The  impact  of  changes  in  pH  on  target 

preconcentration  was  considered.  Aqueous  soil  extracts  generated  from  samples  collected  at  sites  of  . 

ordnance  testing  were  also  used  to  evaluate  the  materials.  The  results  presented  here  demonstrate  the 

potential  of  this  novel  sorbent  for  application  as  a  solid  phase  extraction  material  for  the 

preconcentration  of  nitroenergetic  targets  from  aqueous  solutions. . 


Introduction 

Nitroenergetic  compounds,  including  2,4,6-trinitrotoluene 
(TNT),  2,4-dinitrotoluene  (DNT),  RDX,  HMX,  and  nitroglyc¬ 
erin  (NG),  arc  common  components  of  ordnance  with  DNT  and 
NG  often  found  as  propellants.  Environmental  contamination 
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t  Electronic  supplementary  information  (ESI)  available:  Complete 
results  of  HPLC  analysis  for  extraction  of  TNT,  DNT,  NG,  RDX,  and 
HMX  from  deionized  water,  artificial  sea  water,  ground  water,  surface 
water,  samples  of  varied  pH,  and  soil  sample  extracts  are  provided  in 
the  ESI.  Materials  characterization  data  for  the  MMl  organbsilicate  , 
material,  Sep-Pak,  and  LiChrolut  EN  arc  also  provided.  See  DOI:  ' 
10.1039/cleml0034c.  .  ,...  .  5 


by  nitroenergetic  compounds  can  result  from  a  number  of 
activities.  On  munitions  testing,  training,  and  disposal  sites  in  the 
United  States,  the  most  common  cause  of  residual  contamination 
is  device  malfunction  in  which  the  nitroenergetic  compounds  are 
not  fully  utilized.  These  types  of  sites  can  be  found  at  Massa¬ 
chusetts  Military  Reservation  (MA,  USA)  and  Holloman  Air 
Force  Base  (NM,  USA),  for  exaniple.  Contamination  can  also 
result  from  spillage  of  the  compounds  during  ordnance  manu¬ 
facture,  as  is  the  case  at  Joliet  Army 'Ammunition  Plant  (IL, 
USA).  Contamination  has  also  been  noted  to  result  from 
degradation  of  munitions  left  in  the  environment,  for  example, 
those  disposed  of  by  burying  or  dumping  into  bodies  of  water 
and  unrecovered  land  mines’.  In  these  cases,  there  is  contamina¬ 
tion  resulting  from  leakage  of  compounds'  as  corrosion  of  the 
munitions  housings  progresses.'  ' 

Offsite  analysis  of  samples  by  a  US  Environmental  Protection 
Agency  (EPA)  certified  method  continues  to  be  the  standard  for 
evaluating  these  sites  of  potential  contamination  and  for  moni¬ 
toring  levels  at  sites  of  known  contamination.  The  methods  employ 


Environmental  impact 

Environmental  contamination  by  nitroenergetic  compounds  is  of  serious  concern  to  populations  surrounding  the  affected  areas. 
Tracking  the  movement  of  these  compounds  through  natural  water  sources  is  critical  to  formulation  of  appropriate  restoration 
efforts  and  monitoring  the  success  of  such  programs.  The  limited  sensitivity  of  portable  detection  techniques  necessitates  the  use  of 
offsite  analysis  methods  that  are  both  costly  and  time  consuming.  Solid-phase  extraaion  for  preconcentration  of  targets  provides  the 
potential  to  resolve  these  sensitivity  issues  and  offers  methods  for  long-term  remote  monitoring  as  well  as  onsite  real-time  reporting 
on  contaminant  concentrations.  The  novel  materials  described  here  offer  improved  performance  over  commercially  available 
sorbents  and  arc  reusable  over  hundreds  of  cycles. 
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liquid  or  gas  chromatography  and  do  not  lend  themselves  well  to 
transition  into  portable  devices  and  methods.  This  type  of  sample 
collection  and  analysis  process  is  both  expensive  and  time 
consuming.  Onsite  methods  for  monitoring  contamination  levels 
or  as  indicators  of  the  need  for  further  testing  are  desirable. 
Unfortunately,  many  portable  methods  either  lack  the  robustness, 
ease  of  use,  quantitative  capability,  or  sensitivity  necessary  for  field 
application Methods  developed  for  field  applications  typically 
rely  on  preconcentration  of  targets  prior  to  analysis.  As  an 
example,  the  procedure  outlined  by  the  US  EPA  for  colorimetric 
detection  of  TNT  and  RDX  relics  on  adsorption  of  target  from 
two  litres  of  sample  solution  onto  membranes  functionalized  with 
poly(styrencdivinylbenzcne)  and  octadecyl  particles."-” 

A  number  of  reports  have  utilized  different  materials  for  solid 
phase  extraction  of  nitroenergetic  targets.  The  development  of 
fiber-based  solid-phase  microcxtraction  (SPME)  protocols  has 
been  the  subject  of  several  efforts.'^^'  These  SPME  methods  are 
typically  compatible  with  gas  or  liquid  chromatography,  and 
equilibration  times  can  be  lengthy.  Other  solid-phase  extraction 
protocols  have  utilized  a  range  of  polymer  materials  and  even 
clays  in  various  formats  providing  preconcentration  for  ion 
mobility  spectroscopy  (IMS),“'“  spcctrophotometric,"-^”  and 
electrochemical"  detection  methods  in  addition  to  gas  and  liquid 
chromatography.^*'“  Porous  organosilicate  materials  offer 
a  class  of  sorbents  with  the  potential  to  provide  the  preconcen¬ 
tration  necessary  for  utilization  of  portable  detection  techniques. 
These  materials  are  organic/inorganic  hybrids  synthesized 
through  condensation  of  organic  group  bearing  siloxane 
precursors  around  surfactant  micelles.”"*®  The  materials  offer 
high  surface  areas  and  large  pore  volumes  with  the  rugged 
character  of  silicates  and  the  binding  characteristics  more  typical 
of  organic  polymers. 

Our  previous  efforts  have  focused  on  the  synthesis  of  orga¬ 
nosilicate  materials  and  characterization  of  their  interaction  with 
nitroenergetic  compounds."-*'  The  materials  were  synthesized 
through  co-condensation  of  bis(trimethoxysilylethyl)benzene 
(DEB)  and  l,2-bis(trimethoxysilyl)cthane  (BTE)  (Fig.  1).  Early 
materials  were  mesoporous  and  utilized  Brij@76  micelles  as  the 
surfactant  template.*'  An  imprinting  technique  in  which  the 
surfactant  head  groups  were  modified  with  a  target  analog  was 
developed  to  provide  enhanced  binding  capacity  and  selectivity 
in  the  materials.  Subsequent  efforts  focused  on  altering  the 
macroscale  structure  of  the  materials  in  order  to  reduce  the 
resistance  of  the  sorbents  to  flow  of  aqueous  solutions  and 
enhance  diffusion  throughout  the  available  pore  system.*'-*'  This 
new  class  of  materials  utilized  Pluronic  PI 23  (Fig.  1),  a  larger 
surfactant,  and  a  swelling  agent  (mesitylenc)  to  produce  a  hier¬ 
archical  structure  with  both  macro-  and  mesoscale  morphology. 
These  materials  were  shown  to  provide  preconcentration  of 
targets  from  laboratory  samples  prepared  in  deionized  water. 
Here,  we  demonstrate  the  applicability  of  the  sorbents  to  pre¬ 
concentration  of  nitroenergetic  targets  in  real-world  matrices 
and  compare  their  performance  to  that  of  two  commercially 
available  sorbents,  LiChrolut  EN  and  Sep-Pak  RDX. 

Results  and  discussion 

Five  targets,  TNT,  RDX,  HMX,  DNT,  and  NG  (Fig.  1),  were 
selected  based  on  their  relevance  to  water  quality  in  regions 


Fig.  1  Shown  here  are  the  molecular  structures  of  the  targets  TNT  (I), 
DNT  (2),  RDX  (3).  HMX  (4).  and  NG  (5).  Also  presented  are  the 
molecular  structures  of  the  precursors  and  structure  directing  molecules 
used  in  the  synthesis  of  MMl:  DEB  (6),  BTE  (7),  and  the  modified 
Pluronic  PI 23  template  (8). 


surrounding  munitions  testing  and  training  sites.  Extraction  of 
targets  from  solutions  prepared  using  deionized  water  was 
evaluated  in  order  to  determine  a  baseline  for  sorbent  perfor¬ 
mance.  Target  concentrations  were  selected  to  cover  both  those 
within  the  detection  limits  for  the  analytical  method  and  those 
below  the  detection  threshold  (0.9  to  200  parts  per  billion  (ppb)). 
For  these  samples  a  20  mL  target  solution  was  applied  to  a  200 
mg  sorbent  column.  The  column  was  rinsed  using  6  mL  deionized 
water  and  target  was  eluted  in  4  mL  acetonitrile.  The  column  was 
rinsed  with  an  additional  4  mL  of  acetonitrile  and,  finally,  rinsed 
with  6  mL  deionized  water.  Each  of  the  5  volumes  was  collected, 
and  their  target  content  was  analyzed  by  HPLC. 

Fig.  2  provides  representative  data  on  the  target  recovered  in 
the  first  acetonitrile  elution  for  each  of  the  three  sorbents,  MM  I, 
LiChrolut,  and  Sep-Pak,  following  exposure  to  1  pg  target  in 
deionized  water.  Complete  results  of  HPLC  analysis  are 
provided  in  the  ESI  (Table  Sit).  An  optimal  solid-phase 
extraction  sorbent  for.  application  to  in-line  target  preconcen¬ 
tration  should  capture  compounds  from  dilute  solution  with  little 
breakthrough  and  provide  elution  of  those  targets  in  a  small 
volume  of  eluate.  The  result  is  a  higher  target  concentration  than 
that  of  the  original  sample,  leading  to  enhanced  detection  limits. 
Overall,  MMl  provided  effective  recovery  of  TNT  (>85%  from 
concentrations  as  low  as  5  ppb),  RDX  (>92%  from  5  ppb),  DNT 
(>89®/o  from  5  ppb)  and  NG  (>87%  from  50  ppb);  results  were 
comparable  to  recovery  by  LiChrolut.  None  of  the  three  sorbents 
performed  optimally  for  extraction  of  HMX,  and  the  commercial 
materials  showed  poor  recovery  of  NG.  The  Sep-Pak  material 
demonstrated  target  breakthrough  and  bleeding  of  target  into 
the  second  acetonitrile  elution  volume  for  nearly  all  compounds. 

While  the  experiments  in  deionized  water  establish  a  baseline 
for  sorbent  performance,  the  samples  do  not  reflect  those 
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Table  1  Recovery  of  targets  from  various  matrices" 


.a- 


Fig.  2  Shown  here  is  the  target  recovered  in  the  first  acetonitrile  elution  • 
(4  mL)  following  application  of  target  solutions  in  deionized  water. 
(20  mL)  for  each  of  the  three  sorbents,  MM  1  (gray),  Sep-Pak  (white),  and 
LiChrolut  (black).  Total  applied  target  is  I  pg. 

-V 

encountered  in  a  real-world  sampling  environment.  In  order  to 
evaluate  the  impact  of  complex  matrices  on  the  performance  of 
the  sorbents,  samples  were  prepared  in  artificial  sea  water, 
ground  water,  and  surface  water.  Fig.  3  presents  representative  ^ 
data  on  the  target  recovered  by  each  sorbent  from  artificial  sea 
water;  data  for  other  matrices  are  summarized  in  Table  1. 
Complete  results  are  provided  in  the  ESI  (Table  S2,  S3,  and  S4'|-).  . 
The  pH  of  the  sea  water  samples  was  6.0,  identical  to  thatjtf  the 
deionized  water  samples.  The  recovery  of  TNT,  DNT,  and  H  MX  • 
from  sea  water  was  similar  to  recovery  from  deionized  water  for 
MMl  (Fig.  3);  RDX  recovery  was  slightly  reduced.  The  lack  of 
strong  impact  on  sample  recovery  tends  to  indicate  that  binding , 
of  the  targets  by  this  sorbent  is  not  sensitive  to  the  ionic  strength 
of  the  matrix.  The  recovery  of  RDX  and  HMX  by  LiChrolut  was 
not  impacted  by  the  sea  water  while  that  of  TNT  and  DNT  was 
reduced  in  this  matrix.  Recovery  of  TNT,  DNT,  RDX,  and 
HMX  from  sea  water  by  Sep-Pak  was  not  negatively  impacted  by 
the  artificial  sea  water.  In  fact,  recovery  of  targets  was  slightly 


TNT 

DNT 

RDX 

HMX 

NG 

Ground  water 
MMl 

92 

88 

90 

67 

74 

Sep-Pak 

46 

63 

50 

51 

50 

LiChrolut 

60 

73 

71 

41 

59 

Surface  water 
MMl 

87 

87 

84 

50 

85 

Sep-Pak 

63 

71 

63 

30 

53 

LiChrolut 

83 

.  89 

90 

51  • 

54 

pH  3 

MMl  j 

70  ' 

87  ' 

86 

61 

55 

Sep-Pak 

51 

51 

55 

45 

44 

LiChrolut 

56  r 

59  4 

63 

42 

47 

pH9 

MMl- 

85 

80 

'86 

68 

65 

Sep-Pak  •  , 

59 

•  .  64 

59 

41 

52 

LiChrolut  : 

62  .  • 

80  , 

-•'84 

59 

62 

"  Percentage  of  target  recovered  in'  the  first  acetonitrile  elution  (4  mL) 

following  application  of  target  solutions.  Total  applied  target  is  1 

Mg- 

Three-sigma  variations  for  these  analyses  are  between  7%  and  10%. 

greater  than  that  from  deionized  water.  The  recovery  of  NG  was 
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Fig.  3  Shown  here  is  the  target  recovered  in  the  first  acetonitrile  elution 
(4  mL)  foKouing  application  of  target  solutions  in  artificial  sea  water 
(20  mL)  for  each  of  the  three  sorbents.  MM  I  (gray),  Sep-Pak  (white),  and 
LiChrolut  (black).  Total  applied  target  is  I  pg. 


ne^tively  impacted  for  all  three  sorbents  by  the  artificial  sea 
water. 

Surface  water  consists  of  ponds,  lakes,  streams,  and  other 
bodies  of  water  that  arc’over  the  surface  of  the  land  (typically 
excludes  salt  water  bodies).  Ground  water  is  that  in  the  zone  of 
saturation  of  an  aquifer  or  soil.  Surface  water  often  contains 
a  number  of  contaminants  such  as  industrial  wastes  and  run-off 
from  agricultural  operations.  Surface  water  also  typically 
■  contains  naturally  occurring  contaminants  such  as  algae  and 
bacteria  resulting  in  a  high  concentration  of  dissolved  organic 
carbon.  Ground  water  may  contain  these  contaminants,  but 
often  at  lower  levels  owing  to  filtration  by  the  soil.  Ground  water 
generally  has  a  higher  mineral  content  than' surface  water  also  as 
a  result  of  soil  contact."  Surface  water  from  a  pond  and  ground 
water  from  a  household;  weir  were  used  as  representative 
:  matrices.  In  both  cases,  the  water  was  filtered  using  Whatman 
GF/ A  glass  fiber  filters  (1.6  pm  particle  retention)  to  remove 
large  particulate  prior  to  spiking  with  targets.  Data  on  the 
recovery' of  targets  from  ground  and  surface  water  are  presented 
in  Table  I  (ESI,  Tabic  S3  and  S4t).  Recovery  of  TNT,  DNT,  and 
RDX  from  these  samples  by  MMl  was  similar  to  that  from 
deionized  water.  Recovery  of  HMX  was  significantly  less  from 
both  matrices  while  that  of  NG  was  reduced  in  only  the  ground 
water  sample.  For  the  LiChrolut  material,  recovery  of  TNT, 
DNT,  and  NG  was  negatively  impacted  by  both  matrices  while 
that  of  HMX  and  RDX  showed  little  change  from  the  results  in 
deionized  water.  Recovery  of  TNT  and  HMX  by  Sepr-Pak  was 
negatively  impacted  in  both  matrices.  ^  ►  ; ,  ,  ^ 

Contaminant-free  precipitation  typically  has  a  pH  of  5.6; 
however,  the  pH  of  environmental  water  is  often  influenced  by 
pollution  (acid  rain  is  one  example)  and  the  surrounding  soil 
chemistry.  In  order  to  evaluate  the  effect  of  pH  oh  the  capture  of 
targets  by  and  recovery  of  targets  from  the  SPE  'materials, 
samples  in  deionized  water  at  pH  3.0  and  pH  9.0  were  evaluated 
(ESI,  Table  S5t).  As  shown  in  Table  1,  the  recovery  of  DNT  and 
RDX  using  MMl  was  not  impacted  by  changes  in  the  pH  while 
HMX  and  NG  recovery  was  significantly  reduced  at  low  pH. 
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Recovery  of  TNT  by  MM  I  was  reduced  at  pH  3  but  not  at  pH  9. 
Recovery  of  targets  by  LiChrolut  was  significantly  reduced  at 
low  pH;  recovery  of  TNT,  DNT  and  NG  was  reduced  at  pH  9. 
Altering  the  pH  of  the  target  solutions  resulted  in  reduced 
binding  of  TNT  by  Sep-Pak  but  little  change  was  observed  for 
the  other  targets. 

Soil  samples  with  varying  contaminants  were  obtained  from 
sites  of  prior  ordnance  detonation.  Sites  varied  in  the  size  of 
ordnance  and  the  age  of  the  site.  The  samples  were  collected,  air 
dried,  ground,  sub-sampled,  and  analyzed  in  accordance  with 
EPA  Method  8330B.  Complete  results  of  this  analysis  are 
provided  in  the  ESI  (Table  S6t).  A  number  of  compounds  were 
expected  in  these  samples.  In  the  case  of  the  2000  lb  bomb  crater, 
low-ordered  scattering  of  tritonal  was  visible  over  hundreds  of 
metres.  Tritonal  was  exposed  to  the  sun  resulting  in  a  reaction 
which  produces  trinitrobenzene  (TNB)  and  2,4-dinitroanilinc 
(DNA)  from  the  TNT.  2,4-Dinitrotoluene  (DNT)  is  found  as  an 
impurity  in  TNT  manufacturing  and  is  employed  as  a  propellant. 
Washing  of  TNT  from  the  surface  of  the  particles  by  precipita¬ 
tion  results  in  a  reaction  which  produces  2-amino-4,6-dini- 
trotoluenc  (2-ADNT)  and  4-amino-2,6-dinitrotoluene 
(4-ADNT). 

Subsamples  of  the  dried  soils  were  extracted  overnight  into 
water  for  evaluation  of  the  target  capture  by  M  M 1  from  complex 
sample  mixtures.  Table  2  shows  the  results  of  MMl  capture  and 
elution  for  sample  HO-004  (25  mg  sorbent  column).  This  sample 
was  taken  from  an  aged  2000  lb  bomb  crater.  The  soil  extract 
contained  a  high  concentration  of  TNT  and  lower  concentra¬ 
tions  of  RDX,  2-ADNT,  4-ADNT,  and  DNT  (based  on  EPA 
Method  8330B  analysis).  When  target  was  applied  to  the  MM  I 
column,  a  small  amount  of  TNT  was  found  in  the  column 
clTlucnt.  This  was  expected  as  the  total  target  applied  exceeded 
the  saturation  capacity  of  the  column.  The  concentration  of  TNT 
in  the  eluatc  was  enhanced  by  nearly  10  times  using  the  MMl 
column.  TNB,  2-ADNT,  and  4-ADNT  were  not  detected  in  the 
original  extract  but  were  found  at  detectable  concentrations  in 
the  eluate.  The  concentration  of  RDX  was  enhanced  by  more 
than  7  times.  This  difference  in  the  enhancement  of  TNT  and 
RDX  concentrations  is  related  to  the  original  concentrations  of 
the  targets  as  well  as  the  relative  affinity  of  the  sorbent  for  the 
targets.  Table  3  provides  a  qualitative  summary  of  the  results 
obtained  for  three  soil  samples  including  analysis  by  EPA 
Method  8330B  and  the  results  for  application  of  the  extracts  to 

Tabic  2  Results  of  HPLC  analysis  for  volumes  resulting  from  pre- 
concentration  of  a  soil  sample  (HO-004)  by  MMl  (25  mg  column)' 


Target  concentration  (ppm)* 


As  extracted 

ErHuent 

Eluate 

2,4-DNT 

. 

_ 

2-ADNT 

— 

— 

0.10(0.01) 

4-ADNT 

— 

— 

0.24  (0.03) 

DNB 

— 

- - 

— 

HMX 

— 

— 

— 

RDX 

O.OI  (0.01) 

— 

0.07(0.01) 

TNB 

— 

— 

0.01  (0.01) 

TNT 

0.25  (0.03) 

0.01  (0.01) 

2.87(0.18) 

"  Volume  applied  20  mL;  eluate  volume  2  mL.  *  Value  in  parenthesis  is 
equal  to  3x  the  standard  deviation  for  the  measurement. 


the  MM  1  column.  With  the  exception  of  TNT,  which  was  often 
found  at  high  concentrations,  there  was  little  bleeding  of  targets 
through  the  column  and  target  recovery  was  consistent  with  that 
expected  based  on  EPA  Method  8330B  analysis.  In  some 
instances  (sample  HO-020,  for  example),  enhanced  target 
concentrations  made  detection  possible  where  the  EPA  method 
failed.  Poor  relative  recovery  and/or  low  water  solubility  of  some 
targets  (TNB,  for  example)  lead  to  a  failure  to  detect  those 
compounds  in  the  presence  of  competing  targets.  Complete 
results  for  all  12  soil  samples  are  provided  in  the  ESI  (Table  S7t). 
The  targets  in  these  complex  mixtures  were  bound  with  varying 
affinity  by  the  MMl  column  leading  to  variations  in  the 
enhancement  factor  for  the  different  compounds.  In  sample  HO- 
(X)l,  for  example,  the  concentration  of  TNT  was  enhanced  by 
more  than  8  times  while  that  of  RDX  was  enhanced  by  only 
a  factor  of  4.  A  similar  effect  was  observed  for  the  LiChrolut  and 
Sep-Pak  materials  (ESI,  Table  SSf). 

> 

Experimental  ^ 

Solutions  of  2,4,6-trinitrotoluenc  (TNT),  2,4-dinitrotoluenc 
(DNT),  nitroglycerin  (NG),  l,3,5-trinitro-l,3,5-triazacyclohcx- 
ane  (RDX),  and  octahydro- 1 ,3,5,7-tctranitro-l,3,5,7-tetrazocane 
(HMX)  were  prepared  by  dilution  of  1  rag  mL“'  reference 
standards  in  acetonitrile  obtained  from  Cerilliant  (Round  Rock, 
TX).  Bis(trimethoxysilylethyl)bcnzcne  (DEB)  and  1,2-bis- 
(trimethoxysilyl)ethane  (BTE)  were  obtained  from  Gelest,  Inc. 
(Tullytown,  PA).  Sea  salts,  3,5-dinitrobenzoyl  chloride  298%, 
dichloromethanc  (299.5%),  and  magnesium  turnings  (98%)  were 
purchased  from  Sigma-Aldrich  (St  Louis,  MO).  Pluronic  PI23 
(referred  to  here  as  P123)  was  a  gift  from  BASF  (Mount  Olive, 
NJ).  Water  was  deionized  to  18.2  MQ  cm  using  a  Millipore  Mill! 
Q  UV-PIus  water  purification  system.  Artificial  sea  water  was 
prepared  using  salts  in  deionized  water  (as  directed  by  the 
supplier).  Pond  water  was  collected  from  a  park  in  Alexandria, 
VA,  USA.  Ground  water  was  collected  from  a  well  in  Hanover, 
NH,  USA.  Soil  samples  collected  from  sites  on  Holloman  Air 
Force  Base,  Alamogordo,  NM  and  results  of  their  analysis  by 
EPA  Method  8330B  were  provided  by  the  Cold  Regions 
Research  and  Engineering  Laboratory,  Engineer  Research  and 
Development  Center,  US  Army  Corps  of  Engineers. 

Synthesis  of  the  solid-phase  extraction  sorbent  referred  to  as 
MMl  was  accomplished  using  a  variation  on  our  previously 
reported  technique*'-**  and  has  been  reported  previously.*’ 
Briefly,  P123  (1.66  g)  was  combined  with  imprint  template 
(0.24  g;  3,5-dinitrobcnzoyl  chloride  modified  PI 23;  described 
previously*'-*’)  and  mesitylene  (TMB;  0.2  g)  in  O.I  M  HNO3  (6  g) 
at  60  °C.  The  solution  was  allowed  to  cool  prior  to  addition  of 
a  siloxane  mixture  consisting  of  7.84  mmol  total  bis-silanc  (BTE 
+  DEB  at  a  I  to  I  molar  ratio).  The  mixture  was  stirred  until 
homogeneous  and  transferred  to  a  scaled  culture  tube.  The  tube 
was  heated  at  60  'C  overnight  (~18  h).  The  tube  was  unsealed 
and  heated  at  60  °C  for  a  further  2  days  followed  by  incubation  at 
80  °C  for  an  additional  2  days.  Product  was  refluxed  in  ethanol  to 
extract  the  surfactant.  The  resulting  p)owder  was  collected  by 
suction  filtration,  rinsed,  and  dried.  Nj  sorption  experiments 
were  performed  using  a  Micromcritics  ASAP  2010  at  77  K. 

_  Samples  were  degassed  to  1  pm  Hg  at  100  °C  prior  to  analysis. 
Surface  area  was  determined  by  the  Brunauer-Emmett-Teller 
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Table  3  Qualitative  summary  of  results  for  selected  soil  samples  comparing  targets  detected  using  the  standard  EPA  Method  8330  with  results  of  HPLC 
analysis  of  the  aqueous  soil  extract,  the  preconcentration  column  effluent  and  the  concentrated  eluant' 


HO-OOl  Method  8330B 

Extract 
Effluent 
Eluate 

HCM}20  Method  8330B 

Extract 
Effluent 
Eluate 

HO-026  Method  8330B 

Extract 
Effluent 
Eluate 

'  ‘X'  indicates  target  detected. 


Target  detected 


HMX  RDX  TNB 


X 

X  X 

X  X 

X  X 


X 

X  X 


DNB 


TNT  2-ADNT  4-ADNT  2,4-DNT 


X 

X 

X 

X 

X 

X 

X 

X 

X 


X 

X 

X 

X 


X 

X 


X  X 

X 

X  X 

X 


X  X 


X  X 


(BET)  method,  pore  size  calculated  by  the  Barrett-Joyner- 
Halenda  (BJH)  method  from  the  adsorption  branch  of  the 
isotherm,  and  total  pore  volume  by  single-point  method  at 
relative  pressure  (PlPo)  0.97.  Results  of  characterization  for  this 
material  as  well  as  the  LiChrolut  and  Sep-Pak  sorbents  are 
provided  in  the  ESI  (Fig.  Slf).  The  BET  surface  area  for  MMl 
was  found  to  be  439  m^  g  '  with  a  BJH  pore  volume  of  0.399  cm’ 
§■'  and  an  average  mesoptore  diameter  of  36  A. 

Columns  of  the  sorbent  materials  were  prepared  in  BioRad 
disposable  polypropylene  columns  using  25  or  200  mg  of  sorbent 
as  specified.  Controlled  flow  (4  mL  min*')  experiments  were 
condueted.  HPLC  analysis  of  the  various  elution  volumes  was 
used  to  determine  target  concentrations.  Elution  of  targets  from 
the  columns  was  accomplished  using  acetonitrile  or  methanol  as 
indicated.  LiChrolut  EN  (LiChrolut;  VWR  International)  and 
Sep-Pak  RDX  (Sep-Pak;  125-150  pm;  Waters  Corporation, 
Milford,  MA)  materials  were  handled  identically  to  the  sorbents 
prepared  in-house.  This  protocol  adhered  to  the  manufacturer 
recommendations  for  the  commercial  sorbents.  Soil  sample 
extracts  were  prepared  by  overnight  incubation  of  2  g  soil  in 
20  mL  deionized  water  on  a  rotisserie  mixer.  Prior  to  analysis,  the 
heavy  particulate  was  allowed  to  settle  out  of  solution,  and  the 
solution  was  filtered  using  a  0.2  pm  PTFE  syringe  filter  to  remove 
any  remaining  insoluble  material. 

Analysis  of  samples  was  carried  out  on  a  Shimadzu  High 
Performance  Liquid  Chromatography  (HPLC)  system  with 
dual-plunger  parallel  flow  solvent  delivery  modules  (LC-20AD) 
and  an  auto-sampler  (S1L-20AC)  coupled  to  a  photodiode  array 
detector  (SPD-M20A).  A  modification  of  EPA  method  8330  was 
employed.  The  stationary  phase  was  a  250  x  4.6  mm  Altech 
Alltima  Cl 8  (5  pm)  analytical  column;  an  isocratic  50:50 
methanol :  water  mobile  phase  was  employed.  A  100  pL  sample 
injeeiion  was  used  with  a  flow  rate  of  1.3  mL  min"'.  UV/vis 
detection  of  targets  was  accomplished  at  254  nm  with  the 
exception  of  nitroglycerin  which  was  detected  at  214  nm.  This 
method  gives  reliable  detection  at  8  ppb  for  the  targets  consid¬ 
ered.  Eight  point  target  calibration  curves  were  used  with  all 
experiments  to  verify  method  performance,  and  stock  target 
concentrations  were  measured  as  a  reference  for  each  experi¬ 
ment.  The  variation  in  the  calibration  curves  was  ±5%. 
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Conclusions 

Over  all,  MMl  showed  better  performance  than  the  Sep-Pak 
material  recovering  a  greater  percentage  of  the  target  applied  and 
yielding  a  more  concentrated  eluate.  Unlike  the  Sep-Pak  mate¬ 
rial,  there  was  very  little  target  breakthrough  into  the  effluent  or 
leakage  into  the  rinse  volumes.  LiChrolut  showed  slightly  better 
performance  for  recovery  of  targets  from  deionized  water  than 
MMl,  however,  recovery  by  LiChrolut  was  strongly  impacted  by 
alterations  to  the  sample  matrix.  MMl  was  shown  to  offer 
consistent  recovery  of  TNT,  DNT,  and  RDX  across  a  range  of 
matrices  with  greater  variation  in  the  recovery  of  HMX  and  NG. 
The  results  here  demonstrate  that  the  novel  sorbent  offers 
enhanced  performance  over  the  commercially  available  mate¬ 
rials.  The  intended  application  for  the  new  sorbent  is  in  the 
preconcentration  of  targets  for  in  situ  monitoring  of  contami¬ 
nants  in  water  sources.  When  the  relevant  matrices  are  consid¬ 
ered,  MMl  provides  24%  and  14%  greater  target  recovery  on 
average  than  Sep-Pak  and  LiChrolut,  respectively.  In  addition, 
further  enhancements  to  the  performance  of  M  M 1  type  sorbents 
may  be  possible  through  additional  tuning  of  the  structural 
characteristics  or  through  variation  in  the  imprinting  process. 
MMl  was  imprinted  with  an  analog  of  3,5-dinitrotoluene.  The 
idea  was  to  influence  the  surface  so  that  interaction  with  nitro 
groups  on  an  aromatic  ring  would  be  favored.  This  approach  is 
not  necessarily  optimal  for  increasing  the  seleaivity  or  capacity 
of  the  material  for  binding  of  RDX,  HMX,  or  NG.  While  MM  1 
has  some  structural  features  on  the  macroscale,'’  it  is  possible  to 
develop  that  structure  further.'’  A  larger,  more  open  structure 
may  help  to  facilitate  diffusion  of  targets  throughout  the  sorbent 
allowing  for  more  effective  utilization  of  the  surface  area  of  the 
material.  In  addition,  the  relatively  low  surface  area  of  MMl 
(439  m’  g"'  as  compared  to  683  m’  g"'  for  similar  materials'’) 
indicates  the  (totential  for  increased  order  on  the  mesoscalc 
which,  in  addition  to  offering  additional  sites  for  interaction, 
should  also  provide  enhanced  access  to  the  available  surfaces. 

Acknowledgements 

This  research  was  sponsored  by  the  U.S.  DoD  Strategic  Envi¬ 
ronmental  Research  and  Development  Program  (SERDP; 

J.  Environ.  Monit. 


Downloaded  by  George  Mason  Universily  on  21  March  201 1 
Published  on  15  March  201 1  on  hlIp://pub!>.rsc.org  |  doi:  IO.I039/CIEMI0034C 


View  Online 


ER-1604).  We  applied  the  SDC  approach  (“sequence-detcr- 
mincs-credit”)  for  determining  the  sequence  of  authors/’  The 
views  expressed  here  are  those  of  the  authors  and  do  not  repre¬ 
sent  those  of  the  U.S.  Navy,  the  U.S.  Department  of  Defense,  or 
the  U.S.  Government. 

References 

1  J.  Sch warzbauer,  S.  Sindem,  L.  Dsikowitzky  and  G.  Liebezeit,  J.  Soils 
Sediments,  2010,  10,  104-118. 

2  G.  P.  Anderson  and  E.  R.  Goldman,  J.  Immunol.  Methods,  2008, 339. 
47-54. 

3  P.  T.  Charles,  A.  A.  Adams,  P.  B.  Howell,  S.  A.  Trammell, 

J.  R.  Deschamps  and  A.  W.  Ktuterbcck,  Sensors,  2010,  10,  876-889. 

4  P.  T.  Charles,  P.  B.  Howell,  M.  A.  Markowitz,  J.  R.  D^hamps  and 
A.  W.  Kustcrbcck,  Sens.  Utt.,  2008,  6,  417-420. 

5  I.  M.  Ciumasu,  P.  M.  Kramer,  C.  M.  Weber,  G.  Kolb,  D.  Tiemann, 
S.  Windisch,  1.  Frese  and  A.  A.  Kettrup,  Biosens.  Bioelectron.,  2005, 
21.  354-364. 

6  S.  Girotti,  S.  Eremin,  A.  Montoya,  M.  J.  Moreno,  P.  Caputo, 
M.  D'Elia,  L.  Ripani,  F.  S.  Romolo  and  E.  Maiolini,  Anal.  Bioanat. 
Chem.,  2010, 396,  687-695. 

7  N.  Miura,  D.  R.  Sbankaran,  T.  Kawaguchi,  K.  Maisumoto  and 

K.  Toko,  Electrochemistry,  2001,  IS,  13-22. 

8  K.  Nagatomo,  T.  Kawaguchi.  N.  Miura,  K.  Toko  and 
K.  Matsumolo,  Talanta,  2009, 79.  1 142-1 148. 

9  E.  i.  Poziomek,  J.  Homstead  and  S.  H.  Altneer,  in  Enforcement  and 
Security  Technologies,  ed.  A.  T.  DePersia  and  J.  J.  Pennella,  1998, 
vol.  3575,  pp.  403-413. 

10  J.  Wang,  Electroanalysis,  2007, 19, 415-423. 

11  T.  F.  Jenkins,  P.  G.  Thome  and  M.  E.  Walsh,  Field  Screening  Method 
for  TNT  and  RDX  in  Groundwater,  US  Army  Corps  of  Engineers, 
Special  Report  94-14,  1994. 

12  US  Environmental  Protection  Agency,  Explosives  in  IVater  Field 
Screening  Technologies  UMDA  and  SUBASE  Bangor,  Black  and 
Veatch  Special  Projects  Corp,  Project  Number  91370,  Tacoma, 
WA.  1996. 

13  P.  Guerra-Diaz,  S.  Gura  and  J.  R.  Almirall,  Anal.  Chem.,  2010,  82, 
2826-2835. 

14  J.  M.  Perr,  K.  G.  Furton  and  J.  R.  Almirall,  J.  Sep.  Set,  2005,  28. 
177-183. 

15  E.  Psillakis,  G.  Nazakis  and  N.  Kalogcrakis,  Global  Nest  J.,  2000. 2, 
227-236. 

16  M.  R.  Darrach,  A.  Chutjian  and  G.  A.  Plett,  Environ.  Sci  Technol., 
1998,  32,  1354-1358. 

17  A.  Halasz,  C.  Groom,  E.  Zhou,  L.  Paquet,  C.  Beaulieu, 
S.  Deschamps,  A.  Corriveau,  S.  Thiboutot,  G.  Ampicman, 
C.  Dubois  and  J.  Hawari,  J.  Chromatogr.,  A,  2002, 963,  411.^18. 

18  S.  A.  Barshick  and  W.  H.  Griest,  Anal.  Chem.,  1998,  70,  3015-3020. 

19  D.  Gaurav,  A.  K.  Malik  and  P.  K.  Rai,  J.  Hazard  Mater. ,  2009,  172, 
1652-1658. 


20  J.  M.  Conder  and  T.  W.  La  Point,  Environ.  Toxicol.  Chem.,  2005,  24,  ; 

1059-1066.  ..  ■  ,/ 

21  J.  M.  Conder,  T.  W.  La  Point,  G.  R.  Lotufo  and  J.  A.  Steevens,- 

Environ.  5c/.  TeeW.,  2003,  37,  1625-1632.  Tt/:" 

22  P.  Guerra,  H.  Ui  and  J.  R.  Almirall.  J.  Sep.  Sci.,  2008. 31, 2891-2898.  . 

23  J.  K.  Lokhnauth  and  N.  H.  Snow,  /  Chromatogr.,  A,  2006, 1 105,  33-' 

38.  -  '  / 

24  T.  L.  Buxton  and  P.  D.  Harrington,  Appl.  Spectrosc.,  2003,  57,  223-  J 

232.  ' 

25  A.  E.  Uzer,  E.  Ercag  and  R.  Apak,  Anal.  Chim.  Acta,  2005, 534, 307- 
317. 

26  Q.  Lu,  G.  E.  Collins,  M.  Smith  and  J.  Wang,  ArmL  Chim.  Acta,  2002, 

469.  253-260. 

27  D.  C.  Stahl  and  D.  C.  Tilotta,  Environ.  ScL  Technol,  2001, 35,  3507- 
3512. 

28  S.  A.  Trammell,  M.  Zeinali,  B.  J.  Mdde,  P.  T.  Charles,  F.  L.  Velez, 

M.  A.  Dinderman,  A.  Kusterbeck  and  M.  A.  Markowitz,  Anal. 
Chem.,  2008,  80,  4627-4633. 

29  C.  Sanchez,  H.  Carlsson,  A.  Coimsjo,  C.  Crescenzi  and  R.  Batlle, 

Anal  Chem.,  2003, 75. 4639-4645. 

30  W.-T.  Ma,  W.  Chan.  K.  Steinbach  and  Z.  Cai,  Anal.  Bioanal  Chem., 

2007, 387,2219-2225. 

31  C.  Crescenzi,  J.  Albinana,  H.  Carlsson,  E.  Holmgren  and  R.  Batlle,  J. 
Chromatogr.,  A,  2007. 1153,  186-193. 

32  T.  F.  Jenkins,  P.  H.  Miyares,  K.  F.  Myers.  E.  F.  McCormick  and 
A.  B.  Strong,  Anal  Chim.  Acta,  1994,  289,  fO-18. 

33  S.  Kessel  and  H.  E.  Hauck,  Chromalographia,  1996,  43,  401-404. 

34  U.  Ochsenbein,  M.  Zeh  and  J.  D.  Berset,  Chermsphere.  2008, 72. 974-980. 

35  P.  T.  Charles,  B.  M.  Dingle,  S.  Van  Bergen,  P.  R.  Gauger, 

C.  H.  Patterson  and  A.  W.  Kusterbeck,  Field  Anal  Chem  Technol, 

2001,  5,  272-280.  . , 

36  T.  D.  Bucheli,  S.  R.  Muller,  P.  Reichmuih,  S.  B.  Haderlein  and  ' 

R.  P.  Schwarzenbach,  Anal.  Chem.,  1999,  71,  2171-2178. 

37  T.  Asef,  M.  J.  MacLachlan,  N.  Coombs  and  G.  A.  Ozin,  Nature,  1999, 
402,867-871. 

38  S.  inagaki,  S.  Guan,  V.  Fukushima,  T.  Ohsuna  and  O.  Terasaki,  J. 

Am.  Chem.  Soc.,  1999,  121,  96i]-96\4. 

39  B.  J.  Melde,  B.  T.  Holland,  C.  F.  Blanford  and  A.  Stein,  Chem. 
Mater.,  1999,  11,  3302-3308. 

40  C.  Yoshina-Ishii,  T.  Asefa,  N.  Coombs,  M.  J.  MacLachlan  and 
G.  A.  Ozin,  Chem  Commun,  1999,  2539-2540. 

41  B.  J.  Johnson,  B.  J.  Melde,  P.  T.  Charles.  D.  C.  Cardona, 

M.  A.  Dinderman,  A.  P.  Malanoski  and  S.  B.  Qadri.  Langmuir, 

2008. 2A,  9024-9029. 

42  B.  J.  Johnson,  B.  J.  Melde,  P.  T.  Charles.  M.  A.  Dinderman, 

A.  P.  Malanoski,  I.  A.  Lcska  and  S.  A.  Qadri.  Talanta,  2010,  81. 
1454-1460. 

43  B.  J.  Melde,  B.  J.  Johnson,  M.  A.  Dinderman  and  J.  R.  Deschamps, 
Microporous  Mesoporous  Mater.,  2010,  130,  180-188. 

44  K.  Nakanishi,  Y.  Kobayashi,  T.  Amatani,  K.  Hirao  and  T.  Kodaira, 

Chem.  Mater.,  2004,  16.  3652-3658. 

45  T.  Tschamtke,  M.  E.  Hochberg,  T.  A.  Rand,  V.  H.  Resh  and 
J.  Krauss,  PLoS  Biol,  2007,  5,  el8. 


J.  Environ.  Monit. 


This  journal  is  5?  The  Royal  Society  of  Chemistry  201 1 


